We developed a weak-affinity separation system for single-nucleotide polymorphisms (SNPs) based on capillary electrophoresis. In this approach, single-stranded DNA (ssDNA)-polyacrylamide (polyAAm) conjugate was used as a pseudo-immobilized affinity ligand to separate the target DNA, cytochrome P450 2C9 (CYP2C9), and its point mutant. The ligand DNA was designed to be complementary to the normal DNA, and the target DNA was electrophoretically separated by the difference in the affinity with the pseudo-immobilized ligand in the capillary. We showed that the separation efficiency was closely associated with the Tm value of double-stranded DNA (dsDNA) consisting of the target and ligand DNA, which depends on the measurement conditions, such as the base number of the ligand DNA and the concentration of Mg 2+ in the buffer solution.
Introduction
The human-genome sequence variations provide us with important information about disease susceptibility and drug response. The most common sequence variations are singlenucleotide polymorphisms (SNPs), where two alternative bases occur at one position. SNPs are regarded as being powerful genetic markers for the diagnosis of disease genes and to evaluate drug effectiveness. In the near future, we would be able to receive medical treatment individually in accordance with each personal characteristic due to SNPs.
Recently, many researchers have developed new tools for gene detection. Among them, DNA microarray is one of the most widely used methods. The principle of this detection method is based on hybridization between probe DNA attached to a solid support and target DNA, which is complementary to probe DNA. The amount of captured target DNA is estimated by using chemical labeling techniques.
For example, fluorescent [1] [2] [3] or electrochemically active compounds [4] [5] [6] [7] [8] [9] are attached to target DNAs as markers prior to the detection procedure. Chemically labeled intercalators are also used to estimate the amount of hybridized DNA between probe DNA and target DNA. For SNPs analysis, however, the DNA microarray does not always display its ability to the full, since double-stranded DNA (ds DNA) can be formed even in the presence of one base mismatch. For SNPs analysis, some other methods have been reported, such as matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry 10 and ion-pair reversed-phase denaturing highperformance liquid chromatography. 11 However, both of them are time-consuming and quite costly, and the procedures are very complicated. On the other hand, capillary electrophoresis (CE) is a very powerful analytical method because it can be performed with a short running time, high resolution, trace amounts of samples and high reproducibility. For the discrimination of single nucleotide difference, CE has been employed in a single-strand conformation polymorphism (SSCP) assay. 12, 13 SSCP is based on the conformational change of a single-stranded DNA (ssDNA) containing single nucleotide substitution, resulting in an alteration of the electrophoretic mobility. The SSCP assay is regarded as being one of the simplest methods for detecting single nucleotide difference, and its application to microchip electrophoresis has also been achieved. 14 However, this assay is useful only when each folded single-stranded DNA shows a different electrophoretic mobility, which is not systematically predictable at present.
We previously reported an affinity capillary electrophoresis (ACE) for separating a mixture of a K-ras sequence and its single-base substitution using ssDNA-polyacrylamide (polyAAm) conjugate as a pseudo-immobilized affinity ligand. 15, 16 This approach is based on a general idea of "weakaffinity separation". The idea was first introduced by Zopf et al. using a relatively weak and reversible biospecific interaction in chromatographic separations between the substance to be purified and the corresponding immobilized ligand. 17 In weakaffinity chromatography, the specific substrate and slightly less specific ones all elute from the column with different elution profiles.
In contrast, a conventional affinity chromatography is designed for highly-specific bimolecular recognition, where only the specific substrate is strongly bound to the immobilized ligand and trapped in the column, whereas other constituents all elute, resulting in an isolation of the target. The affinity chromatography is powerful for such specific interactions as antigen-antibody, enzyme-substrate, and ligand-receptor. However, it cannot separate substances that have only a slight difference in the affinity, because they are mostly trapped in the column if the affinity is strong enough. In this context, the discrimination of SNPs is difficult with a conventional affinity system because one-base substitution does not always give a sufficient difference in the complementary interaction between the target and the ligand. Thus, in order for affinity separation of SNPs to occur, one should take advantage of the weakaffinity concept by regulating the ligand-target interactions to be weak, so that both the wild and point-mutated DNAs elute from the column but with the different elution profiles. In addition, from a practical point of view, it is very convenient to evaluate at the same time both the wild and mutant in a quantitative way.
In the present work, we studied appropriate conditions for the peak separation of SNPs, using a few oligonucleotides relating to a metabolic enzyme CYP2C9. CYP2C9 catalyzes the degradation of drugs, such as phenytoin, S-warfarin, tolbutamide, losartan, and nonsteroidal anti-inflammatory drugs. 18, 19 Several alleic variants of 2C9 have been identified. In the CYP2C9*3, leucine substitutes for isoleucine at residue 359 (1075A > C), and the incidence of that may account for the occurrence of poor metabolizers of tolbutamide. 20 Here, we examined the separation efficiency of the CYP2C9 sequence and its point mutant (CYP2C9*3) using various ligand length and Mg 2+ concentration, and discussed the results from the view point of the melting temperature (Tm) values.
Experimental

Reagents and chemicals
To evaluate the potential of the present ACE for a gene mutation assay, we used 12 mer DNA which corresponds to the normal CYP2C9 codon 357 -360 sequence (5′-AGA TAC ATT GAC-3′), and its single-base mutant (5′-AGA TAC CTT GAC-3′, 1075A > C) for sample DNA. We chose three types of DNA as affinity ligand containing a C6 amino linker at the 5′ end and complementary sequence to the normal CYP2C9 with a different base number (8 mer: 5′-C AAT GTA T-3′, 10 mer: 5′-TC AAT GTA TC-3′, 12 mer: 5′-GTC AAT GTA TCT-3′). For comparison, another 12 mer DNA (5′-AGC CCG GTA GTC-3′) was used as a random DNA. They are summarized in Table 1 .
All of DNAs synthesized chemically were purchased from ESPEC Oligo Service (Ibaragi, Japan). DNAs containing 5′-terminal amino groups for ligand DNA were C-18-purified grade, and the sample DNAs were high-performance liquid chromatography-purified grade.
They were dissolved in distilled water as a stock solution with a concentration of 3 mM and stored at -20˚C until used.
Procedure
Synthesis of vinyl group modified DNA. The stock solution of aminohexyl-DNA (250 µL) was mixed with 100 mM Nacryloxysuccinimide (Polyscience Inc., Niles, IL)/dimethylsulfoxide solution (188 µL) and 200 mM sodium carbonate-sodium bicarbonate buffer (pH 9.0, 188 µL), and the total volume was adjusted to 750 µL with distilled water. The final concentrations of each component were as follows: 1 mM of amino-DNA, 25 mM of N-acryloxysuccinimide, and 50 mM sodium carbonate-sodium bicarbonate buffer. The mixture was stirred at room temperature over night. The mixture was then diluted with distilled water into 3.5 times and purified with a 3M Empore TM Disk Cartridge (C18 HD, particle size, 10 µm; cartridge size, 7 mm/3 mL; GL Sciences, Inc., Tokyo, Japan). After drying, the acryloyl derivative of the DNA was obtained. The acryloyl-DNA was dissolved into distilled water and the concentration was determined by absorbance at 260 nm. Copolymerization of acryloyl-DNA and acrylamide. The acryloyl-DNA and acrylamide (Funakoshi Co., Ltd., Tokyo, Japan) were mixed in distilled water containing ammonium persulfate (APS) and N,N,N′,N′-tetramethylethylenediamine (TEMED) in a micro tube. The final concentrations of each component were as follows: 150 µM of acryloyl-DNA, 450 mM acrylamide, 0.1 wt% of APS and TEMED. After the air in the micro tube was displaced by argon gas, the mixture was incubated at 25˚C over night to copolymerize into an DNApolyAAm conjugate. To remove the remaining initiators, acrylamide monomer and unreacted acryloyl-DNA, the resulting mixture was separated by a plastic column, which was packed with sephadex gels (Sephadex G-100 Super fine; Amersham Pharmacia Biotech AB, Uppsala, Sweden), with 10 mM Tris-HCl buffer (pH 7.0). The solution was dialyzed for 1 day using a Spectra/Por 7 membrane (MWCO: 3500, Spectrum, Houston, TX) against 3 L of distilled water to remove the Tris-HCl buffer. After drying, the conjugate was dissolved into distilled water, and the concentration of the DNA in the conjugate was determined by the absorbance at 260 nm. ACE using DNA-polyAAm conjugate as pseudo-immobilized phase. CE analysis was carried out using a CAPI-3300 (Otsuka Electronics, Osaka, Japan) CE system. The temperature of the capillary was kept constant with air agitation. The concentrations of DNA were adjusted to 3 µM. The concentration of the buffer was adjusted to 50 mM. The temperature ramp was 1˚C/min. The melting temperature (Tm) was determined from the first derivative of the melting curve.
Results and Discussion
Principle of novel ACE
The principle of the present ACE system is schematically shown in Fig. 1 . In this system, electroosmotic flow is suppressed by using a coating capillary. The polyAAm conjugated with affinity ligand DNA is filled in the capillary. The conjugate does not migrate substantially by electrophoresis, so that it can be regarded as a pseudo-immobilized affinity phase. As shown in Fig. 1 , sample DNA is introduced into the capillary from the cathodic end, and then a high electric voltage is applied. The sample DNA migrates electrophoretically towards the anode as interacting with the affinity ligand DNA. The normal DNA, which is complementary to the ligand DNA, should have a stronger affinity with the ligand DNA than the point mutant. Hence, the former reaches the detection point later than the latter. It should be noted that the interaction between the target and the ligand DNA is weak enough for reversible binding under the running electrolyte conditions. Figure 2 shows the synthetic route of the ssDNA-polyAAm conjugate. The acryloyl derivative of DNA was synthesized by the coupling of 5′-aminohexyl DNA with Nacryloxysuccinimide. Acrylamide and acryloyl-DNA were copolymerized using APS and TEMED as a redox initiator couple. The amount of oligodeoxynucleotide incorporated to the resulting copolymer was determined to be 0.03 mol% for an acrylamide unit. Figure 3 shows electropherograms of 12 mer oligodeoxynucleotide with the CYP2C9 isomer sequence using an ssDNA-polyAAm conjugate that contains a certain number of bases (8, 10, and 12) in the ligand DNA complementary to the normal sequence. In the case of 8 and 10 mer ligand DNA, because the migration of normal and mutant DNA was almost the same, we could not discriminate them. On the other hand, we were able to separate normal DNA from mutant when using the 12 mer ligand, while the peak shape was rather broad. This indicates that the 12 mer ligand is long enough to have substantial affinity to the target DNA in comparison with the case of 8 and 10 mer ligand DNA.
Synthesis of DNA-polyAAm conjugate
Application of the ACE to the separation of CYP2C9 isomer sequences with a single-base difference Separation efficiency depending on the base number of the ligand DNA.
Separation efficiency depending on the concentration of Mg
2+ in buffer solution. Mg 2+ is known to stabilize dsDNA due to the reduction of an electrostatic repulsion between the two DNA 27 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 strands. 21 Some analyses were carried out under the conditions with various concentrations of Mg 2+ added to the buffer solution in order to enhance the ligand-analyte interaction. The results using 8 mer ligand are shown in Fig. 4 . When the Mg 2+ concentration was in the range of 0 -0.25 mM, the migration time of the normal and mutant DNA was almost the same, so that we could not separate them. On the other hand, when we added 0.5 mM of Mg 2+ to the buffer solution, two components were separated. The former peak was identified as the mutant, and the latter as the normal one. The migration time of the normal DNA was retarded under this Mg 2+ condition. The retardation was due to a weak affinity between the 8 mer ligand and the normal DNA. Furthermore, the addition of 1 mM of Mg 2+ improved the separation of two peaks effectively. Please note that the migration of the mutant DNA was retarded under 0.5 and 1 mM of Mg 2+ conditions. A similar phenomenon was also seen at an analysis of random DNA that had no affinity to ligand DNA, as shown in Fig. 4 . The coincidence in the degree of retardation suggests that the mutant DNA does not interact with the ligand effectively under these conditions.
The results using longer ligands are shown in Fig. 5 . The 10 mer ligand was found to successfully separate the normal DNA from its single-base mutant in the presence of Mg 2+ at a concentration of 0.1 mM, while we still could not discriminate them in a Mg 2+ -free buffer. One can see that the 10 mer ligand achieved separation at a lower Mg 2+ concentration than when using the 8 mer ligand. This is explained by the fact that the longer ligand has a stronger affinity to the target DNA. In addition, the migration of the normal sequence showed greater retardation than that of the mutant sequence, and the peak shape became broader depending on the concentration of Mg 2+ . Finally, the peak of normal DNA could not be seen at 1 mM Mg 2+ .
When the 12 mer ligand was used, we could separate the normal DNA from the mutant even in Mg 2+ -free buffer, whereas the peak was very broad. The peak of the normal DNA disappeared perfectly in the presence of Mg 2+ at a concentration range from 0.1 to 1 mM, while the peak of the mutant was seen. The peak shape of the mutant DNA finally became distorted in the presence of 1 mM Mg 2+ , whereas that of random DNA did not change (result not shown). This suggests that not only the normal DNA, but the mutant, was interacting with the ligand DNA under this Mg 2+ condition.
Discussion using Tm values
The Tm values of the duplex between CYP2C9 isomer sequences and the ligand DNAs were measured (Table 2 ). In the table, data absence means that we can not see the inflection point of the curve in the measuring temperature range. In the case of the 8 mer ligand DNA, the Tm values of the duplex between the normal and ligand DNA for the appropriate peak separation (Mg 2+ : 0.5 and 1 mM) were about 10˚C. On the other hand, in the case of the 10 mer ligand, the appropriate temperature condition was 14 < Tm < 17˚C (Mg 2+ : 0.1 and 0.25 mM). In the case of the 12 mer ligand, it was about 20˚C (Mg 2+ : 0 mM). We can thus conclude that, if operating at 25˚C, peak separation is achieved when the Tm value of the target DNA is in the range of about 14 < Tm < 20˚C. In those cases, all of the Tm values of the duplex between mutant and ligand DNA are below 0˚C. The peak for mutant was retarded and deformed when the Tm was over 15˚C (for 12 mer ligand; Mg 2+ : 1 mM).
Accordingly, we suggest that one can attain peak separation under the conditions where the Tm value of the duplex between the target and the ligand DNA is lower than the operating 28 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 temperature by 5 -10˚C, and that for one-base mutant is much lower, by ca. 15˚C, than the operating temperature. Using the suggested conditions, one may determine the sequence of a complementary affinity ligand as well as the operating temperature.
Peak separation was attempted using the 12 mer ligand by changing the operation temperature. The results are shown in Fig. 6 . In the case of a Mg 2+ -free buffer, separation was achieved at 25 and 30˚C. On the other hand, it was difficult to see separation at 35˚C. In this case, the difference between the Tm of normal DNA and the operating temperature was about 15˚C, which is outside of our suggested conditions. When 0.1 mM of Mg 2+ was added to the buffer solution, good separation was achieved at both 30 and 35˚C. These results reconfirm that our suggestion is useful.
We have to note that the Tm values in Table 2 were determined for free DNAs, but not by using DNA-polyAAm conjugates. However, the Tm is still a useful index for the peak separation of normal and mutant DNA.
Conclusions
We developed a weak-affinity system for SNPs separation using the ssDNA-polyAAm conjugate. In the system, the Tm values were found to be a key factor to achieve efficient peak separation of oligonucleotides with one base difference. We can design the most suitable ligand in advance for a peak separation of some target sequence with its single-base mutant by examining the Tm values of dsDNA consisting of the ligand and the sample DNA previously. The present results suggest that our ACE method is applicable for any sequence of DNA if the measuring conditions, such as the operating temperature, ligand length and Mg 2+ concentration are set appropriately. 
